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Introduction 


In  the  three  years  that  this  proposal  was  funded,  more  than  half  a  million  women  developed  breast  cancer 
and  nearly  one  quarter  of  these  women  died  from  breast  cancer  [4].  In  the  simplest  sense,  cancer  is  a 
major  killer  because  cells  divide  when  they  should  not.  There  is  a  very  strong  link  between  cell  cycle 
regulation  and  breast  cancer.  Overexpression  of  G1 -phase  cyclins  promotes  inappropriate  cell  division 
and  appears  to  have  a  causative  role  in  cancer  causation  [5-9].  Understanding  how  cells  coordinate  cell 
growth  with  cell  division  is  fundamental  to  elucidating  the  mechanism  of  cancer  causation.  The  majority 
of  cells  in  the  human  body  are  capable  of  dividing,  but  remain  quiescent  in  the  absence  of  mitogenic 
stimuli.  Cancer  cells  are  not  bound  by  this  limitation  and  proliferate  in  the  absence  of  mitogens  by 
overexpressing  the  oncogenes  that  mitogenic  stimuli  up-regulate  (e.g.  Gl-phase  cyclins:  D-type  cyclins  in 
humans  and  Clns  in  yeast).  However,  while  overexpression  of  Gl-phase  cyclins  commits  cells  to  divide, 
it  does  not  change  the  growth  rate  of  cells.  Continued  cell  division  in  the  absence  of  increased  cell 
growth  is  disastrous.  Thus,  cancer  cells  must  also  increase  their  rate  of  cell  growth  (e.g.,  the  rate  of 
protein  synthesis).  We  use  the  yeast  S.  cerevisiae  to  study  the  relationship  between  cell  division  controls 
and  cancer.  Remarkably,  the  basic  cell  cycle  machinery  is  so  conserved  between  yeast  and  humans  that 
human  cyclin  D1  functions  seamlessly  in  yeast  [10-12].  This  conservation  of  function  and  the  genetic 
tractability  of  yeast  champion  it  as  an  excellent  model  system  to  study  cell  cycle  regulation  and  its 
relation  to  human  carcinogenesis. 

Body 


Technical  Objectives: 

7.  Characterization  of  Sid  turnover. 

a.  Examine  Sicl  abundance  and  half-life  as  a  function  of  cell  cycle  position. 

b.  Examine  the  half-life  of  Sicl  as  a  function  of  the  presence  of  Cln. 

c.  Mutate  the  potential  Cdc28  phosphorylation  sites  of  Sicl  to  see  if  these  contribute  to 
turnover. 

2.  Does  Sicl  set  the  Cln  threshold? 

a.  Measure  Sicl  levels  at  different  growth  rates  and  correlate  to  Cln  levels. 

b.  Titrate  Sicl  against  Clns.  Is  more  cln  need  for  Start  if  more  Sic  1  is  present  ? 

3.  Find  mutants  which  uncouple  budding  from  Start 
Specific  Aim  #1 

The  goal  for  the  first  specific  aim  was  to  show  that  the  abundance  of  Sicl  varies  with  cell  cycle 
position  and  that  phosphorylation  by  Cln-Cdc28  kinase  complexes  regulates  Sicl  stability.  We  have 
demonstrated  that  Sicl  levels  are  highest  in  unbudded  G1  cells.  As  cells  begin  to  traverse  Start,  a  slower 
migrating  form  of  Sicl  becomes  apparent,  and  then  Sicl  levels  rapidly  diminish  [3].  Experiments  suggest 
that  the  slower  migrating  form  of  Sicl  is  due  to  phosphorylation  presumably  by  Cln-Cdc28  kinases  [2]. 
However,  recent  reports  indicate  that  Pho85  kinase  complexes  can  phosphorylate  Sicl  [13]. 

Sicl  abundance  has  also  been  measured  as  a  function  of  Cln  abundance.  Using  both 
asynchronous  cultures  and  synchi'onized  cultures,  we  have  been  able  to  demonstrate  an  inverse 
relationship  between  Cln  abundance  and  Sicl  abundance  [3].  When  Cln  levels  are  low,  Sicl  levels  are 
high  and  vice  versa  (see  also  aim  #2).  This  strongly  suggests  that  Cln  levels  regulate  Sicl  levels.  Sicl  is 
an  excellent  in  vitro  substrate  for  Cln-Cdc28  complexes  possessing  as  many  as  14  different 
phosporylation  sites  [3].  Substitution  of  alanine  for  serine  or  threonine  in  two  or  three  of  these  sites 
greatly  stabilizes  Sicl  [3,  14],  and  overexpression  of  these  stabilized  forms  of  Sicl  results  in  a  Gl-like 
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cell  cycle  arrest  [3,  14].  This  is  in  agreement  with  our  previous  observation  that  the  essential  function  of 
Cln-Cdc28  kinases  is  to  phosphorylate  Sid  and  target  it  for  degradation.  Others  and  we  have  established 
that  the  essential  role  of  Cln-Cdc28  kinase  complexes  is  to  phosphorylate  and  target  Sid  for  degradation 
[2,  14-19].  It  is  highly  likely  that  the  cumulative  effect  of  these  phosphorylations  is  a  general  decrease  in 
the  half-life  of  Sid.  It  is  worth  noting  that  while  all  Cln-Cdc28  complexes  appear  to  be  able  to 
phosphorylate  Sid  in  vitro,  cells  possessing  only  the  Cln3-Cdc28  kinase  complex  (e.g.  clnl  cln2  clb5 
clb6)  mutants  appear  to  be  unable  to  direct  the  degradation  of  Sid  [3].  This  suggests  that  Sid 
phosphorylations  may  be  qualitatively  different. 

Specific  Aim  #2 

Both  human  and  yeast  cells  require  high  protein  synthesis  rates  and  a  minimum  cell  size 
requirement  for  cell  division.  Our  research  has  demonstrated  that  these  two  requirements  are  intricately 
related  [3].  We  have  shown  that  bulk  protein  synthesis  rates  are  directly  proportional  to  cell  size,  and  that 
large  cells  support  higher  proliferation  rates  than  small  cells  [3].  Further,  our  research  has  shown  that  Gl- 
phase  cyclins  (Clns)  are  unstable  rate  limiting  activators  of  cell  division  [1].  Like  cyclin  D1  in  humans, 
yeast  Gl-phase  cyclins  (Clns)  are  exquisitely  sensitive  to  protein  synthesis  rates  and  act  as  a  metric  of 
both  cell  size  and  cell  growth  rate.  In  humans  Gl-phase  Cdks  (e.g.,  cyclin  D1  Cdk  complexes)  promote 
cell  division  by  phosphorylating  and  inactivating  the  RB  tumor  suppressor  gene  [20-22].  In  yeast,  Gl- 
phase  Cdks  phosphorylate  and  inactivate  Sid  to  promote  cell  division  [2].  Our  research  has  shown  that 
cells  lacking  Sicl,  like  cells  lacking  RB,  no  longer  require  Gl-phase  Cdks  for  cell  division  [2].  Sid  acts 
analogously  to  pRb.  Finally,  we  have  shown  that  like  pRb,  the  phosphorylation  state  of  Sicl  correlates 
well  with  the  proliferative  capacity  of  cells.  Hyperphosphorylated  Sicrl  is  rapidly  degraded,  while  hypo- 
phosphorylated  Sicl  blocks  cell  division  [3]. 

The  goal  for  this  specific  aim  was  to  determine  whether  Sicl  levels  vary  with  the  growth  rate  of 
the  culture  and  determine  whether  Sicl  sets  the  Cln  threshold  for  Start.  We  have  shown  that  cells 
possessing  an  extra  copy  of  Sicl  appear  to  delay  initiation  of  S-phase  and  may  require  more  Cln  to 
commit  to  cell  cycle  progression  than  control  cells  [3].  Thus,  it  appears  that  underphosphorylated  Sicl 
sets  the  Cln  threshold  for  Start.  This  places  Sicl  at  the  heart  of  commitment  to  cell  cycle  progression  and 
more  firmly  establishes  its  role  as  acting  analogously  to  the  RBI  gene  in  higher  eukaryotes. 

Specific  Aim  #3 

We  have  shown  that  Sicl  couples  S-phase  to  Start  [2].  In  fact,  Sicl  appears  to  intrinsically  regulate 
all  aspects  of  Start  [3].  In  wild  type  cells,  Cln-Cdc28  initiates  S-phase  by  phosphorylating  Sicl  and 
targeting  it  for  degradation  [2,19].  Initiation  of  the  budding  process,  which  is  analogous  to  determining 
the  plan  of  division,  occurs  at  the  same  time,  but  a  yet  unknown  mechanism.  Maybe  Cln-Cdc28  also 
inhibits  an  inhibitor  of  budding.  The  goal  of  this  specific  aim  was  to  identify  yeast  mutants  that  are  able 
to  bud  in  the  absence  or  near  absence  of  Cln.  In  the  past  year,  we  have  cloned  all  the  required  constructs 
necessary  for  this  objective  and  have  begun  to  screen  for  the  desired  mutants.  Briefly,  to  attempt  to 
identify  and  clone  such  an  inhibitor,  we  have  mutagenized  a  conditional  Cln  strain  and  looked  for  cells 
that  are  able  to  bud  in  the  absence  or  near  absence  of  Cln.  We  have  identified  two  classes  of  mutants,  one 
class  of  mutants  that  appear  to  bud  in  the  complete  absence  of  Cln  activity  and  one  class  that  requires  less 
Cln  to  bud  than  wild  type  cells.  We  are  currently  investigating  these  mutants  and  attempting  to  clone 
members  of  each  type  of  mutant.  This  screen  is  far  from  saturated,  and  all  indications  are  that  this 
ongoing  genetic  screen  will  yield  a  wealth  of  valuable  and  interesting  mutants. 

Future  Plans; 

The  abundance  of  Sicl  has  been  measured  with  respect  to  cell  cycle  position,  growth  rate,  and 
Cln  levels,  but  there  is  still  a  need  to  address  the  issue  of  the  half-life  of  Sicl.  It  is  not  known  in  detail 
how  the  presence  or  absence  of  Cln-Cdc28  kinase  activity  affects  the  half-life  of  Sicl.  While  we  have 
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indications  that  lower  growth  rates  increase  the  half-life  of  Sicl,  this  needs  to  be  measured  precisely. 
While  the  kinases  responsible  for  phosphorylating  Sicl  and  pRb  are  known,  the  missing  pieces  in  the  cell 
cycle  puzzle  are  the  protein  phosphatases  that  dephosphorylate  RB  or  Sicl 

Recently,  Sicl  has  been  shown  to  be  a  substrate  for  the  Cdcl4  protein  phosphatase  [23].  Further, 
it  has  been  shown  that  the  activity  of  the  PTEN  tumor  suppressor  gene,  itself  a  protein  phosphatase, 
correlates  with  the  phosphorylation  state  of  the  RB  protein.  Exciting  recent  research  has  pushed  two 
protein  phosphatases  to  the  forefront:  PTEN  and  Cdcl4.  Inactivation  of  the  PTEN  tumor  suppressor 
gene  in  Drosophila  stimulates  protein  synthesis  and  dramatically  increases  cell  growth  and  the 
proliferative  capacity  of  cells  [24-26].  Moreover,  overexpression  of  PTEN  in  PTEN-/-  cancer  cell  lines 
greatly  reduces  pRb  phosphorylation  and  induces  a  rapid  G1  arrest  [24-26].  The  Cdcl4  protein 
phosphatase  is  intricately  involved  in  cell  cycle  progression  in  yeast  [23].  Because  mutations  of  PTEN 
and  pRb  tumor  suppressor  genes  have  been  found  in  a  large  fraction  of  breast  cancers,  there  is  a  clear 
need  to  further  elucidate  the  role  of  PTEN/Tepl  and  Cdcl4  in  cell  cycle  progression  and  to  determine 
whether  these  phosphatases  modulate  the  amount  of  Gl-phase  Cdk  activity  required  for  cell  division. 
Because  the  PTEN  and  RB  genes  are  clearly  two  of  the  most  significant  breast  cancer  related  genes 
known  today,  we  have  recently  submitted  a  grant  to  the  Breast  Cancer  Research  Program  at  the 
Department  of  Defense  for  the  fiscal  year  2001  to  investigate  the  role  of  these  genes  in  cell  cycle 
progression  in  yeast.  If  this  grant  is  funded  we  will  pursue  the  following  questions:  What  is  the 
phosphatase  that  dephosphorylates  Sicl?  Do  the  levels  of  this  phosphatase  determine  the  levels  of  Cln 
required  for  cell  cycle  progression?  How  stable  is  Sicl  in  the  complete  absence  of  Cln  activity?  Do 
phosphorylation  mutants  that  stabilize  Sicl  raise  the  Cln  threshold  for  Start?  Do  acidic  substitutions 
destabilize  Sicl  and  lower  the  Cln  threshold  for  Start?  We  have  preliminary  evidence  that  the  Sicl 
protein  has  a  function  independent  of  its  kinase  inhibitory  function,  and  we  attempting  to  separate  these 
functions  to  assess  the  importance  of  each  in  cell  cycle  regulation.  Experiments  are  underway  that 
address  all  of  these  questions  and  we  expect  the  answers  to  be  both  very  interesting  and  very  elucidating 
in  the  molecular  mechanism  of  cell  cycle  progression. 

Conclusions: 


The  regulation  of  cell  cycle  progression  is  a  basic  biological  problem.  However,  very  little  is  known 
about  the  targets  of  Cdk  phosphorylations,  and  how  commitment  to  cell  division  is  controlled.  We  have 
identified  Sicl,  a  potential  analog  to  the  RB  tumor  suppressor  gene,  as  a  key  Cdk  substrate  whose 
phosphorylation  has  a  central  role  in  regulating  proliferation  [manuscript  enclosed].  Cln  proteins  like 
cyclin  D/E  in  mammalian  cells  are  highly  unstable  rate  limiting  activators  of  cell  cycle  progression 
[manuscript  enclosed].  Cln  and  Sicl  levels  are  intricately  related,  and  it  is  likely  that  Sicl  acts  to  restrain 
cell  cycle.  The  relationship  between  cell  size,  cell  growth  rate,  and  Cln  activity  is  an  ongoing  puzzle,  and 
we  will  continue  to  investigate  these  inter-relationships.  A  better  working  model  of  how  Sicl  controls 
cell  cycle  progression  may  go  a  long  way  towards  understanding  how  cell  cycle  control  effects  the  onset 
of  cancer 
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Key  research  accomplishments: 

•The  only  essential  function  of  Clns  is  to  phosphorylate  and  target  Sic  1  for  degradation. 
•Sicl  abundance  is  dependent  upon  cell  cycle  position,  growth  rate,  and  Cln  levels. 
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*Sicl  is  phosphorylatecl  qualitatively  dijferently  by  different  Cln-Cdk  complexes. 

•Cliis  are  constitutively  unstable. 

•Sic]  abundance  and  phosphorylation  state  may  determine  the  timing  of  Start 

Reportable  Outcomes: 

•The  work  presented  here  has  generated  two  first  author  manuscripts. 

Schneider  B.L.,  Patton,  E.E.,  Lanker,  S.  Mendenhall,  M.D.,  Wittenberg,  C.,  Futcher,  B.  and  Tyers,  M. 
(1998)  Yeast  G1  cyclins  are  unstable  in  G1  phase.  Nature  395  86-89. 

Schneider,  B.L.,  Yang,  Q.-H.,  and  Futcher  B.  (1996)  Linkage  of  replication  to  Start  by  the  Cdk  inhibitor 
Sicl.  Science  272,560-562. 

Schneider,  B.L.  G1  cyclin  thresholds  link  cell  division  to  growth  rate.  2000  DOD  Era  of  Hope  meeting. 
Atlanta,  Georgia  ° 

Research  from  this  award  has  generated  two  additional  manuscripts  which  are  in  preparation  and  will  be 
submitted  by  the  end  of  this  year. 

Grants  Funded  based  on  preliminary  work  supported  by  this  grant 

American  Heart  Association  (Schneider)  7/1/2000-6/30/02  $  120,000 

The  role  of  the  cyclin  dependent  kinase  inhibitor  Sicl  in  transcriptional  repression  and  cell  cycle 
inhibition. 

The  major  goals  of  this  project  are  to  identify  genes  and  promoter  elements  responsible  for  transcriptional 
repression  of  G1 -phase  genes,  and  to  examine  the  role  of  Sicl  in  this  mechanism. 

Wendy  Will  Case  (Schneider)  7/1/00-6/30/01  $25,000 

G1  Cyclins  and  Transcription:  The  Link  Between  Sicl,  Transcriptional  Repression  and  Cancer 

The  major  goals  of  this  project  are  to  identify  the  mechanism  whereby  Gl-Cdks  in  yeast  repress  the 

transcription  of  genes  required  for  cell  division,  and  to  assess  the  role  of  the  Cdki,  Sicl,  in  this 

mechanism. 

South  Plains  Foundation  9/1/00-8/31/01  $10,000 

The  Role  of  cyclin-Cdk  complexes  in  promoting  Meiosis 

The  major  goals  of  this  project  are  to  identify  the  roles  of  Cdks  in  meiosis. 

Southwest  Cancer  Center  Seed  Grant  9/1/00-8/3 1/01  $7,000 

The  role  of  Sicl  in  commitment  to  cell  division. 

The  major  goals  of  this  proposal  are  to  determine  how  the  abundance,  the  activity,  and  the  half-life  of 
Sicl  aie  legulated  by  its  phosphorylation  state,  by  growth  rate,  and  by  cell  cycle  position. 

CH  Foundation  12/1/00-11/30/01  $20,000 

Novel  mechanisms  for  preventing  inappropriate  proliferation. 

The  major  goals  of  this  project  are  to  identify  genes  that  inhibit  cell  division. 

Previously  funded  grants 
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TTraSC  (Schneider)  9/1/1999  -  8/31/2000 

Divide  or  Bust;  Genes  That  Regulate  Cell  Division  in  Yeast 

South  Plains  Foundation  (Schneider)  9/1/1999  -  08/31/2000 

Cancer  and  Cell  Cycle  Progression:  A  Link  to  Gene  Expression 

*ln  the  course  of  this  award,  I  have  been  hired  as  an  assistant  professor  in 
and  Biochemistry  at  Texas  Tech  Health  Sciences  Center 
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Yeast  G1  cyclins 

are  unstable  in  G1  phase 

Brandt  L.  Schneider^t,  E.  Elizabeth  Patton*:!:, 

Stefan  Lanker§!l,  Michael  D.  Mendenhallf,  Curt  Wittenberg^, 
Bruce  Futchert  &  Mike  Tyersi: 

t  Cold  Spring  Harbor  Laboratory,  PO  Box  100,  Cold  Spring  Harbor, 

New  York  11724,  USA 

$  Programme  in  Molecular  Biology  and  Cancer,  Samuel  Lunenfeld  Research 
Institute,  Mount  Sinai  Hospital,  600  University  Avenue,  Toronto, 

Canada  MSG  1X5,  and  Graduate  Department  of  Molecular  and  Medical 
Genetics,  University  of  Toronto,  1  Kings  College  Circle,  Toronto,  Canada  MSS  1A8 
§  Department  of  Molecular  Biology,  The  Scripps  Research  Institute,  10550  North 
Torrey  Pines  Road,  La  Jolla,  California  92037,  USA 
5  Markey  Cancer  Center,  Dept,  of  Biochemistry,  University  of  Kentucky, 
Lexington,  KY  40536-0096,  USA 
*  These  authors  contributed  equally  to  this  work. 


In  most  eukaryotes,  commitment  to  cell  division  occurs  in  late  G1 
phase  at  an  event  caUed  Start  in  the  yeast  Saccharotnyces 
cerevisiae^y  and  called  the  restriction  point  in  mammalian  cells^. 
Start  is  triggered  by  the  cyclin-dependent  kinase  Cdc28  and 
three  rate-limiting  activators,  the  G1  cyclins  Clnl,  Cln2  and 
Cln3  (ref.  3).  Cyclin  accumulation  in  G1  is  driven  in  part  by  the 
ceU-cycle-regulated  transcription  of  CLNl  and  CLN2y  which  peaks 
at  Start^.  CLN  transcription  is  modulated  by  physiological  signals 
that  regulate  G1  progression"^’^,  but  it  is  unclear  whether  Cln 
protein  stability  is  ceU-cycle-regulated.  It  has  been  suggested  that 
once  cells  pass  Start,  Cln  proteolysis  is  triggered  by  the  mitotic 
cyclins  Clbl,  2,  3  and  4  (ref.  6).  But  here  we  show  that  G1  cyclins 
are  unstable  in  G1  phase,  and  that  Clb-Cdc28  activity  is  not 
needed  for  G1  cyclin  turnover.  Cln  instabUity  thus  provides  a 
means  to  couple  Cln-Cdc28  activity  to  transcriptional  regulation 
and  protein  synthetic  rate  in  pre-Start  G1  cells. 


II  Present  address:  Department  of  Molecular  and  Medical  Genetics,  School  of  Medicine,  Oregon  Health 
Sciences  University,  3181  SW  Sam  Jackson  Park  Road,  Portland,  Oregon  97201-3098,  USA. 
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Clnl,  Cln2  and  Cln3  are  non-abundant  proteins  that  efficiently 
promote  the  Gl/S  transition.  Direct  measurement  of  Cln  half-lives 
in  G1  phase  has  been  difficult.  The  Gins  are  very  unstable  proteins 
with  half-lives  of  less  than  10  min  in  asynchronous  populations^" 
consistent  with  the  idea  that  Cln  instability  is  constitutive.  Indeed, 
Gins  are  unstable  in  G1  cells  arrested  with  mating  pheromone^’ 
but  this  could  be  a  special  effect  of  pheromone  rather  than  being 
representative  of  G1  cells  in  logarithmic  growth.  However,  it  is 
possible  that  Clnl  and  Cln2  are  stable  in  late  Gl  and  are  degraded 
shortly  after  cells  pass  through  Start. 

To  examine  the  Gl -phase  stability  of  Cln2  directly,  we  measured 
the  half-life  of  Cln2  in  small  Gl -phase  cells  obtained  by  elutriation. 
We  used  strains  that  contained  either  CLN^^  (which  is  pheno- 
typically  indistinguishable  from  untagged  CLN2  (see  Fig.  lb))  or 
both  expressed  from  the  GALl  promoter.  Cln2^^^^  is  a 
multiple  point  mutant  that  lacks  seven  consensus  Cdc28  phos¬ 
phorylation  sites  and  is  sevenfold  more  stable  than  wild-type  Cln2 
in  asynchronous  cultures^^.  The  half-life  of  the  mutant  and  wild- 
type  proteins  were  measured  in  Gl  cells  by  decay  of  the  Cln2  signal 
after  repression  of  the  GALl  promoter  by  glucose.  Wild-type  Cln2 
had  a  half-life  of  5-10  min  in  the  Gl  cells  (Fig.  la),  which  remained 
in  Gl  phase  throughout  the  experiment.  In  contrast,  the  stabilized 
mutant  Cln2'^^^^  had  a  longer  half-life,  and  a  fraction  of  the  cells 
budded  and  began  DNA  synthesis  (Fig.  la).  This  experiment  shows 
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Figure  1  Cln2  is  unstable  in  G1  phase,  a,  Direct  measurement  of  Cln2  stability  in 
G1  cells.  The  decay  of  wild-type  (WT)  C\n2!^^  or  the  stable  mutant  Cln2^^'^^  in 
synchronized  Gl -phase  cells  after  repression  of  weakly  induced  GAL1-CLN2  by 
glucose  was  measured  by  immunoblotting  against  the  HA  epitope.  Cells  in  Gl 
phase  were  assayed  as  the  percentage  of  unbudded  cells,  and  as  the  percentage 
of  cells  with  ^N  DNA  content.  B-tubulin  immunoreactivity  was  used  as  a  loading 
control,  b,  The  HA  epitope  tag  does  not  affect  the  stability  of  Cln2.  Tagged  Cln2 
and  untagged  Cln2  were  expressed  from  the  GAL1  promoter  in  asynchronous 
cultures.  Cln2  decay  after  repression  of  the  GAL1  constructs  by  2%  glucose 
was  assessed  by  immunoblotting  with  an  anti-Cln2  rabbit  polyclonal  antibody, 
c.  CLN2'^'’'^^  (untagged)  is  a  better  inducer  of  Start  than  wild-type  CLN2 
(untagged).  GAL1 -CLN2'^'^^^  or  GAL1-CLN2  was  weakly  induced  in  small  Gl 
cells  and  the  rate  of  passage  through  Start  was  assessed  by  bud  formation  as  a 
function  of  cell  size. 


directly  that  Cln2  is  unstable  in  Gl  phase  and  suggests  that  Cln2 
instability  is  required  for  proper  regulation  of  Start. 

One  caveat  to  this  experiment  is  that  the  instability  of  Cln2  might 
have  been  due  partly  to  the  HA  epitope  tag,  which  was  required  to 
detect  the  low  levels  of  wild-type  Cln2  in  small  Gl  cells.  However,  we 
compared  the  stability  of  HA-tagged  versus  untagged  Cln2  and 
found  that  the  half-lives  of  these  two  forms  of  Cln2  were  indis¬ 
tinguishable  in  asynchronous  cultures  (Fig.  lb).  We  also  determined 
that  neither  tag  position  nor  the  epitope  sequence  altered  Cln2 
stability  (not  shown).  Furthermore,  we  compared  the  ability  of 
untagged  GAL1-CLN2  and  untagged  GAL1-CLN2‘^^^^  to  promote 
Start.  Small  Gl  cells  were  obtained  by  elutriation,  and  then  the 
GALl  promoter  was  turned  on  slightly  with  a  low  concentration  of 
galactose  in  a  semi-repressing  medium.  Gl  expression  of  Cln2 
accelerated  Start  and  reduced  critical  cell  size  compared  to  the 
expression  of  wild-type  Cln2  (Fig.  Ic).  The  differential  ability  of 
stabilized  Cln2  to  promote  Start  again  suggests  that  wild-type  Cln2 
is  unstable  in  Gl  cells. 

It  has  recently  been  suggested  that  the  Clb  mitotic  cyclins  are 
necessary  for  Cln  degradation^,  a  model  that  predicts  that  Gl  cyclins 
should  be  stable  in  pre-Start  Gl  cells  because  such  cells  lack  Clb 
protein  entirely^^.  Because  this  prediction  is  inconsistent  with  our 
finding  that  Cln2  is  unstable  in  Gl  cells,  we  measured  Cln2  stability 
under  three  different  conditions  that  severely  reduce  or  eliminate 
Clb-Cdc28  activity.  Cells  lacking  Clbl  to  Clb4  (strains  MT383  and 
K3390,  which  we  call  'clbl~4^'y^  arrest  in  G2  phase,  whereas  cells 
lacking  Clbl  to  Clb6  (strain  K4057,  which  we  call  'clbl-^^y^  arrest 
in  Gl  phase.  Cells  that  over  express  the  Clb-Cdc28  inhibitor  Sicl 
also  accumulate  in  Gl  phase^®’^\  When  Cln  stability  was  measured 
in  a  clbl -4^^  strain  by  repression  of  a  GAL1-CLN2^^  construct 
(Fig.  2a),  or  a  GALl-CLNl^"^  construct  (not  shown),  Cln  was  no 


a 


C{n2HA 

0  10  30  90 


..... 


Cln2HA 


Time  (min) 


0  10  20  40  min  chase 


Time  (min) 


GAL1-SIC1T33V 


Figure  2  Clb  activity  is  not  required  for  Cln2  degradation,  a,  Cln2  is  unstable  in  a 
clbl -4^^  strain.  GAL1-CLN2^^  was  expressed  in  a  wild-type  (WT)  or  clbl -4^^ 
strain  at  a  non-permissive  temperature,  and  repressed  by  glucose  for  the 
indicated  times.  CLN2^^  immunoreactivity  was  quantified  by  densitometry  and 
normalized  to  Cdc28  immunoreactivity  on  the  same  blot,  b,  Cln2  is  unstable  under 
three  different  conditions  in  which  Clb  activity  is  severely  compromised.  CLN2^^ 
was  expressed  at  wild-type  levels  from  the  CLN2  promoter  in  clbl -4^^,  c!b1-^^ 
and  G/4/. /- S/C strains  under  non-permissive  conditions.  Stability  of  0102^-^ 
was  determined  by  methionine/cysteine  pulse-chase  analysis. 
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more  stable  than  in  wild-type  cells.  To  rule  out  possible  effects  of 
CLN  overexpression  and  carbon  source  shifts  on  Cln  stability,  we 
performed  pulse- chase  analysis  of  ^^S-labelled  Cln2  expressed  at 
wild-type  levels  from  its  own  promoter.  Cln2  was  as  unstable  in  the 
clbl  -4^  and  clhl  -4^  arrested  cells  as  in  the  wild-type  strain  (Fig.  2b). 
Cln2  was  also  unstable  in  cells  overexpressing  which 

encodes  a  partly  stabilized  version  of  Sicl  (Fig.  2b).  Furthermore, 
we  failed  to  detect  any  alteration  in  Clnl  half-life  in  cells  arrested  by 
overexpression  of  (not  shown),  which  encodes  a  highly 

stable  version  of  Sicl.  Therefore,  the  mitotic  cyclins  cannot  be 
essential  for  G1  cyclin  degradation. 

Finally,  we  re-examined  the  role  of  the  ubiquitin-conjugating 
enzyme  Cdc34  in  the  turnover  of  Cln2.  There  is  persuasive  evidence 
that  Cdc34  has  a  direct  role  in  conjugating  ubiquitin  to  Cln2  (refs. 
11,  14)  and  to  Sicl  (refs  20,  22,  23),  leading  to  degradation.  For 
ubiquitination  of  Sicl,  Cdc34  acts  in  concert  with  an  E3  ubiquitin 
protein  ligase  complex  composed  of  Skpl,  Cdc53  and  the  F-box 
protein  Cdc4  (the  SCF^^^^"^  complex)  Cln  ubiquitination  pro¬ 
ceeds  via  a  similar  pathway,  but  depends  on  a  different  F-box 
protein,  Grrl,  which  forms  the  analogous  SCF^'^'^^  complex^^’^^’^'^. 
However,  it  has  been  argued  that  Cdc34  promotes  Cln  degradation 
indirectly  by  promoting  the  degradation  of  Sicl,  thereby  activating 
Clb  kinases^.  If  this  were  true,  then  cdc4  mutants  should  also  be 
defective  in  Cln2  turnover,  because  Sicl  accumulates  in  cdc4 
mutants  just  as  it  does  in  cdc34  mutants'^.  However,  Cln2  degrada¬ 
tion  was  defective  only  in  the  cdc34  mutant  (Fig.  3a),  despite  the  fact 
that  Sicl  accumulated  in  both  the  cdc34  mutant  and  the  cdc4  mutant 
(Fig.  3b).  The  fact  that  the  cdc34  arrest  phenotype  is  indistinguish¬ 
able  from  cdc4  and  clbl -4^  arrests,  yet  Cln2  is  stabilized  only  in  the 
cdc34  arrest,  indicates  that  Cln  stabilization  in  cdc34  mutants  is  not 
an  indirect  effect  of  Sicl  accumulation  and  loss  of  Clb  activity. 

A  model  in  which  G1  cyclins  are  stable  in  G1  phase  and  then 
catastrophically  destroyed  as  cells  pass  Start,  is  attractive  because  it 
is  analogous  to  the  cell-cycle-regulated  destruction  of  mitotic 
cyclins  in  anaphase^^.  However,  our  data  rule  out  this  model  and 
support  a  model  in  which  Cln  proteins  are  constitutively  unstable. 
On  the  basis  of  our  data  we  suggest  that  the  rise  in  Cln  abundance  is 
due  to  a  rise  in  the  rate  of  Cln  synthesis,  which  depends  both  on  a 
rise  in  CLN  transcription  and  on  increases  in  overall  protein 
synthesis  as  cells  grow.  After  Start,  the  onset  of  mitotic  cyclin 
activity  represses  Cln  synthesis,  but  only  at  the  transcriptional 
levek®.  The  instability  of  the  Cln  proteins  probably  derives  from 
Cdc28-dependent  autophosphorylation  of  the  Cln  subunit,  which 
targets  the  Cln  for  degradation The  intrinsic  instability  of  the 
Cln  proteins  is  advantageous  for  the  cell  because  it  allows  almost 
instantaneous  responses  to  changes  in  the  rate  of  protein  synthesis^^ 
and  CLN  transcription'^’^  both  of  which  are  key  determinants  of 
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Figure  3  Sicl  accumulation  does  not  affect  Cln2  stability,  a,  Cdc34,  but  not  Cdc4, 
function  is  required  for  Cln2  degradation.  CLN2^^  was  expressed  at  wild-type 
levels  from  the  CLN2  promoter  in  wild-type,  cdc4- 1  an6cdc34-2  strains  at  the  non¬ 
perm  issive  temperature.  Stability  of  Cln2^'^  was  determined  by  pSj methionine/ 
cysteine  pulse-chase  analysis,  b.  Abundance  of  Sicl  was  determined  in  lysates 
from  each  strain  in  a  by  immunoblotting  with  anti-SicI  antibody. 


^whether  or  not  cell  division  is  appropriate.  The  continuous  require¬ 
ments  for  growth  factors  and  protein  synthesis  in  G1 -phase  pro¬ 
gression  of  mammalian  cells^^,  and  the  phosphorylation-dependent 
instability  of  cyclin  D  and  cyclin  E  (refs  27-29),  suggest  that  a  similar 
control  of  G1  cyclin  activity  operates  in  mammalian  cells.  □ 


Methods 

Cell  synchronization.  All  strains  were  isogenic  with  W303  {adc2  his3  leu2  trpl 
URA3).  To  determine  the  half-life  of  Cln2  in  Gl  cells,  strain  BS328  {cln3) 
containing  either  plasmid  pSL46  (ref.  12)  {GAL1~CLN2^^  URA3  C£N,  strain 
BS333)  or  plasmid  pSL122  (ref.  12)  {GAL1-CLN2^'^^^-^^  URA3  CEN,  strain 
BS322)  was  grown  to  early  log  phase  in  yeast  extract  peptone  medium  plus  2% 
sucrose.  The  use  of  a  cln3  deletion  strain,  which  has  a  prolonged  Gl  phase' ^  was 
required  to  allow  sufficient  time  for  half-life  time  courses  to  be  completed 
before  cells  passed  Start.  Small  Gl  cells  were  obtained  by  elutriation  at  room 
temperature  in  clarified  medium.  The  GALl  promoter  was  weakly  induced  for 
1  h  by  the  addition  of  galactose  in  the  presence  of  2%  sucrose  (a  semi-repressing 
condition)  and  then  repressed  by  the  addition  of  2%  glucose.  The  decay  of 
Cln2^'^  or  Cln2^^^'^‘^'^  was  assayed  by  immunoblotting  as  described'\ 

To  assess  the  ability  of  Cln2  to  activate  Start,  strain  BS328  containing 
plasmid  pB75  {GAL1-CLN2  URA3  CBN,  strain  BS412)  or  plasmid  pBlOl 
{GAL1-CLN2‘^^^^  URA3  CEN,  strain  BS410)  were  grown  and  elutriated  as 
above.  After  Gl  cells  were  obtained,  galactose  (0.3%)  was  either  added  or  not 
added  in  the  presence  of  2%  sucrose.  Passage  through  Start  was  assessed  by 
monitoring  bud  formation  by  microscopy,  and  modal  cell  size  with  a  Coulter 
Channelyzer'^. 

Protein  analysis.  For  determination  of  Cln2  half-life  by  promoter  shut-off, 
strain  MT386  {cln2::GALl-CLN2^'^-LEU2)  and  an  isogenic  clbl-4'  strain 
MT383  {clbl  clb2-VIclb3::TRPl  clb4::HlS3  cln2::GALl-CLN2^^-LEU2y^wer€ 
grown  in  2%  raffinose,  shifted  to  37  °C  for  2  h,  induced  with  2%  galactose  for 
1.5  h  at  37  °C,  then  repressed  with  2%  glucose  at  37  °C  for  the  indicated  times. 
Similar  results  were  also  obtained  at  a  lower  non-permissive  temperature  of 
34  °C.  Cln2  decay  was  assayed  by  immunoblotting  with  12CA5  antibody  using 
detection  by  enhanced  chemoluminescence  as  described'^.  Polyclonal  anti¬ 
bodies  directed  against  Sicl,  Cln2,  Cdc28  and  B-tubulin  were  used  as 
described'^’"^’^”. 

For  determination  of  Cln2  half-life  by  ^^S  pulse-chase  analysis,  all  strains 
contained  a  single  copy  of  CLN2^^  expressed  from  the  CLN2  promoter  at  wild- 
type  levels.  Strains  used  were:  K3389  {CLN2^^y\ K3390  (clbl  clb2-VIclb3  clb4 
CLN2^y\ K4057  {clbl  clb2~VI clb3::TRPl  clb4::HlS3  clb5::GAL-CLB5-URA3 
clb6::LEU2y\ MT668  {cdc4-l)  and  MT670  {cdc34-2).  K4057  was  transformed 
with  plasmid  pMTl634  {CLN2^^  ADE2  CEN);  K3389  was  transformed  with 
plasmid  pMDM202  {GALl-SICl'^^^^' LEU2  CEN);  W303,  MT668  and  MT670 
were  transformed  with  plasmid  pMT291  {CLN2’^'^  LEU2CEN).  For  experiments 
with  temperature-sensitive  strains,  cultures  were  shifted  to  37  °C  for  2  h  before 
the  pulse-chase  regimen.  Strain  K4057,  which  requires  induction  of  GALl- 
CLB5  with  0.3%  galactose  for  viability'^,  was  simultaneously  shifted  to  glucose 
medium  at  the  time  of  the  shift  to  37  °C.  CLN2^^  stability  in  strain  K3389  was 
measured  at  30  after  induction  of  GALl -SIC  with  2%  galactose  for  2  h. 

The  pulse- chase  regimen,  protein  extraction  and  immunoprecipitation 
were  based  on  ref  17.  In  brief,  15  ml  of  culture  at  0.5  X  lO’^  cells  ml " '  in  rich 
medium  supplemented  with  0. 1  mM  methionine  was  filtered  and  resuspended 
in  1  ml  of  -Met  synthetic  medium.  After  5  min,  cultures  were  pulsed  with 
500p.Ci  of  [^^S]Met/Cys  (ICN,  Tran  ^^S-label)  and  after  an  additional  5 min 
cultures  were  chased  with  2  mM  unlabelled  Met,  2  mM  unlabelled  Cys,  and 

1  mg  ml"^  cycloheximide.  Cells  were  pelleted,  resuspended  in  5%  cold  tri¬ 
chloroacetic  acid  (TCA),  washed  once  with  cold  acetone  and  stored  at  -80  °C. 
Frozen  pellets  were  resuspended  in  75  |xl  of  cold  breaking  buffer  (50  mM  Tris- 
HCl,  pH  7.5,  ImM  EDTA,  and  protease  inhibitors:  ImM  PMSF,  0.6  mM 
dimethylaminopurine,  Ipigml"'  leupeptin,  l|jugmr‘  pepstatin,  lOp-gmE* 
TPCK,  10  (xgmr*  soybean  trypsin  inhibitor)  with  glass  beads  and  broken  by 
vortex  mixing,  after  which  SDS  was  added  to  1%  and  the  lysates  boiled  for 

2  min.  Lysates  were  diluted  to  1  ml  with  900  p.1  RIPA  buffer  (50  mM  Tris-HCl, 
pH  7.5,  1  mM  EDTA,  150mM  NaCl,  0.5%  sodium  deoxycholate,  1%  NP-40 
and  protease  inhibitors)  plus  0.2  mgmT^  BSA  and  cell  debris  was  pelleted.  We 
determined  that  the  above  lysis  buffers  were  critical  to  maintain  the  Cln 
phosphoisoforms  when  compared  with  other  lysis  buffers^.  Incorporation  of 
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was  measured  by  precipitation  with  TCA,  and  equal  radioactive  counts  were 
used  for  each  immunoprecipitation.  The  supernatant  was  precleared  with  20  p,l 
protein  A-Sepharose  beads  for  20  min,  incubated  with  1  |xg  12CA5  anti-HA 
antibody  for  Ih  and  immune  complexes  collected  on  10|xl  protein  A- 
Sepharose  beads  for  2  h.  Beads  were  washed  twice  with  1  ml  RIPA  buffer, 
twice  with  1  ml  RIPA  buffer  plus  1%  /J-mercaptoethanol,  and  twice  with  1  ml 
RIPA  buffer  plus  1%  jS-mercaptoethanol  plus  2  M  urea.  Beads  were  transferred 
to  a  fresh  tube  after  every  second  wash.  Beads  were  aspirated  dry,  resuspended 
in  10  jxl  cold  2x  Laemmli  sample  buffer,  boiled  for  2  min  and  proteins  were 
separated  on  a  10%  SDS-PAGE  gel  Radioactive  species  were  visualized  and 
quantitated  using  a  Phosphorlmager  (Molecular  Dynamics).  Incorporation 
into  Cln2-specific  species  was  normalized  to  total  radioactivity  in  parallel  lanes 
of  total  lysate. 
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Linkage  of  Replication  to  Start 
by  the  Cdk  Inhibitor  Sid 

B.  L  Schneider,*  Q.-H.  Yang,*  A.  B.  Futchert 

In  Saccharomyces  cerevisiae,  three  G-,  cyclins  (Gins)  are  important  for  Start,  the  event 
committing  cells  to  division.  Sid ,  an  Inhibitor  of  Clb“Cdc28  kinases,  became  phospho- 
rylated  at  Start,  and  this  phosphorylation  depended  on  the  activity  of  Gins.  Sid  was 
subsequently  lost,  which  depended  on  the  activity  of  Gins  and  the  ubIquitinTConjugating 
enzyme  Gdc34.  Inactivation  of  Sid  was  the  only  nonredundant  essential  function  of  Gins, 
because  a  sic1  deletion  rescued  the  Inviability  of  the  cln1  cln2  cln3  triple  mutant.  In  sic1 
mutants,  DNA  replication  became  uncoupled  from  budding.  Thus,  Sid  may  be  a  sub¬ 
strate  of  Gln-Gdc28  complexes,  and  phosphorylation  and  proteolysis  of  Sid  may  regulate 
commitment  to  replication  at  Start. 


Before  yeast  can  replicate  DNA,  they  must 
pass  Start,  which  requires  a  cyclin-depen- 
dent  protein  kinase  composed  of  a  catalytic 
subunit  (Cdc28)  and  one  of  three  Gj  cyc¬ 
lins  (Clnl,  -2,  or  -3)  ( J ).  After  Start,  B-type 
cyclin-Cdc28  kinases  such  as  Clb5-Cdc28 
and  Clb6-Cdc28  must  be  activated  to  allow 
replication  (2).  Although  Clb5-  and  Clb6- 
Cdc28  complexes  are  present  in  Gi  phase, 
they  are  initially  inactive  because  of  inhi- 
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bition  by  the  Sid  protein  (2,  3).  Activa¬ 
tion  of  Clb5-  and  Clb6-Cdc28  occurs  after 
Sid  is  targeted  for  proteolysis  by  the  ubiq- 
uitin-conjugating  enzyme  Cdc34  (2).  Thus, 
a  cdc34  mutant  arrests  with  a  IN  DNA 
content  because  it  cannot  degrade  Sid,  but 
nevertheless  buds,  and  duplicates  its  spindle 
pole  body. 

It  is  not  known  how  Start  triggers  Sid 
inactivation  or  how  replication  is  tied  to 
other  Start-dependent  events  such  as  bud¬ 
ding  and  duplication  of  the  spindle  pole 
body.  Is  Start  a  single  event  that  affects 
multiple  pathways,  or  is  Start  a  collection  of 
events,  one  of  which  regulates  Sid  prote¬ 
olysis  and  replication? 

We  asked  whether  Cln-Cdc28  complex¬ 
es  phosphorylate  Sid,  thereby  targeting  it 
for  proteolysis.  Sid  coprecipitates  with 
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Fig.  1.  Sid  is  a  phos- 
phoprotein  in  vivo.  Ex¬ 
tracts  were  made  as  de¬ 
scribed  (17),  and  Sid 
was  immunoprecipitated 
(74).  The  immunopre- 
cipitates  were  treated  or 
not  treated  with  phos¬ 
phatase  (78),  resolved 
by  SDS-PAGE  (75),  blot¬ 
ted  to  nitrocellulose,  and 
Sid  was  detected  (76). 

Lane  1 ,  asynchronous  cells;  lane  2,  asynchronous 
sici  cells;  lane  3,  strain  #31  (79)  arrested  at  the 
cdc34  block  at  37°C;  lane  4,  as  in  lane  3,  but 
treated  with  calf  intestinal  phosphatase  (CIP);  lane 
5,  as  in  lanes  3  and  4,  but  treated  with  CIP  and  the 
phosphatase  inhibitor  B-glycerolphosphate  (Inh.). 


Cdc28  (4),  has  one  of  the  highest  densities 
of  potential  Cdc28  phosphorylation  sites  of 
any  known  yeast  protein  (5),  and  can  be 
phosphorylated  on  many  sites  by  Cdc28  in 
vitro  (4,  6). 

Sid  is  a  phosphoprotein  in  vivo.  Reso¬ 
lution  of  Sid  by  SDS-polyacrylamide  gel 
electrophoresis  (PAGE)  followed  by  immu- 
nohlotting  showed  a  broad,  fuzzy  band  that 
may  contain  multiple  forms  of  Sid.  Phos¬ 
phatase  treatment  converted  this  fuzzy  band 
(more  phosphorylated  form)  to  a  band  of 
greater  mobility  (less  phosphorylated  form) 
(Fig.  1). 

To  study  the  relation  between  the  Clns, 
phosphorylation  and  proteolysis  of  Sid, 
and  DNA  synthesis,  we  constructed  a  clnl 
cln2  GAL-CLN3  cdc34-2  (temperature-sen¬ 
sitive)  strain  and  did  reciprocal  shift  exper¬ 
iments.  As  expected,  cells  shifted  from  the 
Cln~Cdc34^  state  to  the  Cln^Cdc34~ 
state  arrested  with  a  Cdc34~  phenotype 
without  dividing.  Sid  accumulated  in  the 
less  phosphorylated  form  in  Cln“ -arrested 
cells,  but  was  phosphorylated  to  a  greater 
extent  when  Cln  was  restored  (7)  (Fig.  2A, 
compare  lanes  3  and  4).  However,  in  the 
absence  of  Cdc34  function  (Cln^Cdc34~), 
this  highly  phosphorylated  Sid  remained 
undegraded  (Fig.  2 A,  lanes  4  to  9).  In  con¬ 
trol  cells  arrested  in  the  Cln~Cdc34^  state, 
then  released  to  the  Cln'''Cdc34‘''  state, 
Sid  became  more  phosphorylated  when 
Cln  was  restored,  and  then  disappeared, 
presumably  because  of  proteolysis  (7)  (Fig. 
2 A,  lanes  10  to  15).  These  cells  then  reen¬ 
tered  a  normal  cell  cycle.  Thus,  in  vivo,  the 
Cln-Cdc28  complexes  are  needed  to  gener¬ 
ate  highly  phosphorylated  Sid,  which  is 
stable  in  the  absence,  but  not  in  the  pres¬ 
ence,  of  Cdc34  function. 

Cdc34  has  been  considered  to  act  down¬ 
stream  of  Clns  and  Cdc28.  Surprisingly,  how¬ 
ever,  cells  shifted  from  the  Cln'^Cdc34“  state 
to  the  Cln“Cdc34‘^  state  did  not  enter  S 
phase  or  divide  and  in  all  respects  maintained 
a  Cdc34~  phenotype.  This  result  suggests  that 
the  Cdc34  function  cannot  be  completed  in 
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Fig.  2.  Loss  of  Sici  depends  on  CLNs  and  on 
CDC34.  Abundance  and  phosphorylation  of  Sici 
were  analyzed  in  reciprocal  shift  experiments  (20). 

Strain  #31  (clnl  cln2  GAL‘CLN3  cdc34)  (19)  was 
used.  (A)  Cells  were  grown  in  galactose  medium 
at  23°C  (lane  1),  shifted  to  glucose  at  23°C  for  3 
hours  to  synchronize  cells  at  Start  (lane  2),  then 
shifted  to  37°C  for  another  hour  to  inactivate 
Cdc34  (lane  3).  Cln  expression  was  then  restored 
by  shifting  back  to  galactose  medium,  but  cells 
were  held  at  37 °C  (Cdc34“).  Samples  were  taken 
every  30  min  (lanes  4  to  9).  As  a  control,  Cln 
expression  and  Cdc34  function  were  both  re¬ 
stored  (lanes  1 0  to  1 5)  to  doubly  blocked  cells.  (B) 

Cells  were  grown  in  galactose  medium  at  23°C 
(lane  1 ),  shifted  to  37 °C  for  3  hours  to  synchronize 
cells  at  the  cdc34  block  (lane  2),  then  shifted  to 
glucose  at  37 °C  for  1  hour  to  shut  off  GAL-CLN3 
(lane  3).  Cdc34  function  was  restored  by  a  shift  to 
23°C,  but  cells  were  kept  in  glucose  medium 
(Cln”).  Samples  were  taken  every  30  min  (lanes  4 
to  9).  As  a  control,  Cdc34  function  and  Cln  ex¬ 
pression  were  both  restored  (lanes  1 0  to  1 5)  to  doubly  blocked  cells.  FACS  analysis  showed  that  the  cells 
in  lanes  4  to  9  (A  and  B)  failed  to  replicate  DNA,  whereas  the  cells  in  lanes  1 0  to  1 5  did  replicate  DNA. 
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the  absence  of  Cln-Cdc28  activity.  Highly 
phosphorylated  Sici  accumulated  in  the 
Cln+Cdc34""  cells  (7)  (Fig.  2B,  lane  2);  Sici 
then  became  less  phosphorylated,  but  not  de¬ 
graded,  after  the  shift  to  the  Cln~Cdc34'^ 
state  (7)  (Fig.  2B,  lanes  4  to  9).  This  result 
suggests  that  the  Cdc34~  phenotype  is  main¬ 
tained  in  the  Cln”Cdc34^  cells  because  the 
less  phosphorylated  form  of  Sici  cannot  be 
degraded  in  the  absence  of  Cln  activity. 
When  cells  were  shifted  from  Cln^Cdc34~  to 
Cln'^Cdc34’^,  the  more  phosphorylated  form 
of  Sici  that  had  accumulated  at  the  cdc34 
block  disappeared  (Fig.  2B,  lanes  10  to  15), 
and  the  cells  went  through  S  phase  and  reen¬ 
tered  a  normal  cycle.  These  experiments  show 
that  Sici  loss  requires  Cln  function  as  well  as 
Cdc34  function,  and  that  the  more  phospho¬ 
rylated  form  of  Sici  is  dependent  on  Cln 
activity  and  correlated  with  Sici  loss.  Because 
cells  arrest  before  S  phase  regardless  of  the 
phosphorylation  state  of  Sici,  both  forms 
must  inhibit  Clb-Cdc28  complexes. 

These  results  are  consistent  with  a  model 
wherein  Cln-Cdc28  complexes  phospho- 
rylate  Sici,  and  this  phosphorylation  targets 
Sici  for  degradation  by  the  Cdc34  pathway. 
However,  the  experiments  are  correlative, 
and  other  mechanisms  are  also  possible.  For 
example,  Cln-Cdc28  complexes  may  serve 
to  activate  Cdc34  itself,  and  the  phospho¬ 
rylation  of  Sici  may  be  a  correlated  but 
irrelevant  event. 

If  a  major  function  of  Clns  is  to  promote 
proteolysis  of  Sici,  then  Clns  should  be  less 
important  in  a  sici  mutant.  Indeed,  a  sici 
mutation  suppressed  the  lethality  of  a  clnl 
cln2  cln3  triple  null  mutation  (Fig.  3B,  sec¬ 
tors  1,3,  and  4).  Thus,  the  only  nonredun- 
dant  essential  function  of  the  Clns  is  to 
inactivate  Sici.  The  clnl  cln2  cln3  triple 
mutation  is  also  suppressed  by  a  mutation 
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Fig.  3.  A  s/cl  deletion  suppresses  lethality  of  cln  1 
cln2  cln3.  (A)  YEP  -l-  1  %  raffinose  -I-  1  %  galac¬ 
tose.  (B)  YEP  -r  2%  glucose.  Plates  were  incubat¬ 
ed  at  30°C  for  3  days.  Strains  were  as  follows:  1 , 
BS147  {pGAL-CLN3  Acins  ^sic1);  2,  BS100 
(GAL-CLN1  Ac/ns);  3.  BS178  (GAL-CLN1  ^clns 
As/c7);  and  4,  BS152  (Acins  Aslcl)  (19). 


called  BYCl  (8),  and  it  now  appears  that 
BYCl  is  allelic  to  sici  (9).  This  suppression 
by  BYCl  occurs  even  if  c!b2,  clb5,  or  pell  is 
also  deleted  (8).  Clnsl,  -2,  and  -3  have 
other  important  functions  that  are  compro¬ 
mised  in  the  clnl  cln2  cln3  sici  quadruple 
mutant:  Plating  efficiency  is  poor,  budding 
and  cell  morphology  are  highly  abnormal, 
and  the  cells  are  generally  sick.  Presumably, 
budding  is  now  mediated  by  combinations 
of  other  cyclins  such  as  Pell,  Pcl2,  Clb5, 
and  Clb6  (10). 

If  Sici  is  an  important  and  specific  in¬ 
hibitor  of  replication,  then  a  sici  mutation 
might  uncouple  DNA  replication  from  oth¬ 
er  Start  events,  such  as  budding.  To  test  this 
hypothesis,  we  obtained  small  unbudded 
cells  from  an  exponential  culture  of  sici 
cells  and  examined  the  cells  for  DNA  con¬ 
tent  by  fluorescent-activated  cell  sorting 
(FACS).  At  least  20%  of  the  unbudded 
cells  were  already  2N,  whereas  there  were 
essentially  no  2N  cells  in  the  equivalent 
fraction  from  a  wild-type  culture.  After  re¬ 
inoculation  into  fresh  medium,  the  sici  cells 
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Fig.  4.  A  sic1  deletion  uncouples  S 
phase  from  budding.  (A)  Small  un¬ 
budded  cells  of  strain  W303a  {19)  (□) 
or  its  isogenic  sic1::URA3  derivative 
BS193  (■)  were  obtained  by  elutria- 
tion  (21).  Cells  were  reinoculated  in 
fresh,  warm  medium,  and  samples 
were  taken  every  15  min  and  ana¬ 
lyzed  for  budding,  cell  volume,  and 
DNA  content  (FACS)  (22).  (B)  Strain 
BS147  ipGAL-CLN3  Acins  Asici) 
(19)  was  grown  in  sucrose  plus  galac¬ 
tose.  Cells  were  washed  and  resus¬ 
pended  in  medium  containing  su¬ 
crose  but  no  galactose  to  turn  off 
GAL-CLN3.  After  1  hour,  small  un¬ 
budded  cells  were  collected  by  elu- 
triation  (21).  Half  the  sample  was  re¬ 
inoculated  into  YNB  medium  with  2% 
sucrose  (GAL-CLN3  off)  (O),  and  the 
other  half  was  reinoculated  into  YNB 
medium  with  1  %  sucrose  and  1  %  ga¬ 
lactose  (GAL-CLN3  on)  (•).  Samples 
were  taken  every  30  min  and  ana¬ 
lyzed  as  in  (A).  W303a  cells  (19) 
grown  in  YNB  +  2%  sucrose  were 
elutriated  and  monitored  after  reinoc¬ 
ulation  (□). 
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replicated  DNA  much  earlier  than  the 
wild-type  cells,  but  budded  at  about  the 
same  time  (Fig.  4A).  [In  other,  similar  ex¬ 
periments,  the  sici  mutation  did  advance 
budding  slightly,  although  never  as  much  as 
the  advance  in  S  phase  (2,  11).  The  early 
activation  of  Clb5  that  occurs  in  sici  cells 
may  advance  budding.] 

In  a  second  experiment,  clnl  cln2  GAL- 
CLN3  sic]  cells  were  grown  with  GAL- 
CLN3  on,  and  then  GAL-CLN3  was  turned 
off  for  1  hour.  Small  unbudded  cells  were 
obtained  by  elutriation.  Fifty  to  80%  of 
these  cells  had  a  DNA  content  greater  than 
IN,  despite  their  lack  of  Cln.  (The  large 
fraction  of  2N  cells  probably  resulted  from 
overexpression  of  CLB5  induced  by  GAL- 
CLN3.)  When  the  cells  were  released  into 
fresh  medium,  efficient  budding  was  still 
dependent  on  reexpression  of  Cln3,  where¬ 
as  S  phase  was  not  (Fig.  4B).  Thus,  in  sici 
mutants,  replication  and  budding  are  un¬ 
coupled;  they  occur  at  different  times,  and 
budding  is  much  more  dependent  on  Cln 
than  is  replication. 

Although  phosphorylation  and  loss  of 
Sici  are  dependent  on  both  Cln  and  Cdc34 
function,  we  have  not  shown  that  Sici  is  a 
direct  substrate  of  the  Cln-Cdc28  kinase  in 
vivo,  nor  that  Sici  proteolysis  is  ubiquitin- 
mediated.  However,  these  are  both  strong 
possibilities.  Phosphorylation  converts  at 
least  one  other  protein  into  a  substrate  for 
Cdc34-mediated  proteolysis  (12).  Whatev¬ 
er  the  precise  mechanism  by  which  Clns 
and  Cdc34  cause  the  loss  of  Sici,  our  ge¬ 
netic  experiments  show  that  this  loss  is 
largely  responsible  for  the  normal  depen¬ 
dence  of  DNA  replication  on  Start. 


An  analogous  system  may  be  used  by 
mammalian  cells.  Cyclin  D-Cdk4  complex¬ 
es  promote  S  phase  by  inhibiting  function 
of  the  retinoblastoma  protein.  In  cells  lack¬ 
ing  retinoblastoma,  the  cyclin  D-Cdk4  ac¬ 
tivity  is  no  longer  required  (13). 

The  identification  of  Sici  as  a  target  of 
Clns  suggests  that  Start  consists  of  several 
component  events.  The  Start  event  con¬ 
trolling  S  phase  is  probably  phosphorylation 
of  Sici;  phosphorylation  of  other  substrates 
may  control  budding  and  duplication  of  the 
spindle  pole  body,  and  together  these  phos¬ 
phorylations  constitute  Start. 
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